We designed and synthesized a highly selective and sensitive fluorescent probe for hydrogen sulfide (H2S) based on the one step nucleophilic addition reaction between H2S and electron-poor C=C double bond. Our proposed probe displayed high selectivity for H2S over other analytes including cysteine (Cys) and glutathione (GSH), which might be because the steric hindrance of H2S is less than other thiols. Additionally, a linear relationship between fluorescence intensity and the concentrations of Na2S (0 -450 μM) was obtained in an aqueous buffer solution (pH 7.4, 20 mM PBS). Particularly, we found that the adoption of the acetyl benzimidazole derivative as a recognition receptor to distinguish H2S from other thiols and analytes provides a promising methodology for the design of fluorescent probes for the determination of H2S.
Introduction
Hydrogen sulfide (H2S), well-known for its unpleasant rotten egg smell, was traditionally considered a toxic gas.
1,2 However, recent investigations on endogenous H2S have demonstrated that H2S is identified as the third biologically active gas that is termed a gasotransmitter or a gasomediator, following nitric oxide (NO) and carbon monoxide (CO). [3] [4] [5] Several studies have shown that H2S is involved in a diverse and ever expanding array of biochemical processes such as inflammation, control of blood pressure, neurotransmission, and ischemia reperfusion. [6] [7] [8] Furthermore, abnormal levels of H2S are associated with various diseases, such as Alzheimer's disease, Down syndrome, diabetes and liver cirrhosis. [9] [10] [11] [12] Therefore, it is important to measure H2S levels in physiological media and such measurements can provide useful information for academic research and clinical applications.
To date, detection of H2S has posed several challenges: (1) fast, accurate, and real-time determination has been difficult because the catabolism of H2S is so fast as to result in continuous fluctuation in its concentration; 13 (2) the detection limits of reported probes are not low enough to effectively assay biological sulfides, typically from 10 to 100 μM; 13 and much lower sulfide concentrations; 14 (3) the development of H2S-selective probes against thiols (millimolar) in cells, which often interfere with the reaction of H2S (micromolar or lower). 15 Therefore, new methods are needed for the efficient detection of H2S in biological systems.
Recently, some methods to determine the H2S concentration in biological samples have been developed including colorimetric, [16] [17] [18] electrochemical, [19] [20] [21] [22] chemiluminescence, [23] [24] [25] chromatography, 26, 27 and fluorescent analysis. 28, 29 Among these methods, fluorescence is suitable for studies of H2S in biological samples due to the high sensitivity and selectivity. So the development of fluorescent probes for H2S detection has attracted great attention.
Several types of fluorescent probes for the detection of H2S have been reported; most of them exploit the reduction of RN3 (or NO2) to the parent amine moieties. [30] [31] [32] [33] Few fluorescent probes utilizing the double nucleophilic character of H2S have been reported so far. He and Zhao et al. reported fluorescent probes with an acrylate methyl ester and aldehyde at the ortho position as the H2S targeting site. 34 Based on their previous work, Zhao et al. developed another fluorescent probe by replacing the acrylate ester with an α,β-unsaturated phenyl ketone. 35 Xian et al. reported a fluorescent probe containing a reactive disulfide. 36 Xian et al. reported two Michael acceptorbased fluorescent probes. 37 These fluorescent probes for H2S were based on a H2S-specific Michael addition-cyclization sequence by two step nucleophilic reactions. In addition, only one fluorescent probe reported by Xian et al. 37 prevented the interference of that cysteine (Cys) and glutathione (GSH) in the detection of H2S. Therefore, developing novel fluorescent probes for H2S with high selectivity has become an unavoidable problem that needs immediate attention. Very recently, we developed a colorimetric chemodosimeter for the fast and highly selective assay of H2S based on the one step nucleophilic addition reaction between H2S and electron-poor C=C double bond. 38 However, to the best of our knowledge, no other fluorescent probe based on the one step nucleophilic addition reaction between H2S and electron-poor C=C double bond has been reported for H2S detection. Herein, we developed a new fluorescent probe 1 for highly selective assay of H2S. In our previous studies, we found acetyl benzimidazole is a molecule with good fluorescence property. 39 So, a new acetyl benzimidazole derivative was designed and synthesized to detect H2S. The structure and proposed mechanism of probe 1 for H2S assay is shown in Scheme 1.
Experimental

Reagents and chemicals
All chemicals used in this paper were obtained from commercial suppliers and used without further purification. Thin-layer chromatography (TLC) was conducted on silica gel 60 F254 plates (Merck KGaA).
Apparatus
UV-vis spectra were recorded on a U-4100 (Hitachi) UV-vis spectrophotometer with a quartz cuvette (path length = 1 cm). Fluorescent measurements were recorded on an RF-5301 (Shimadzu) fluorescence spectrometer with both excitation and emission slits at 5.0 nm. All measurements were performed under ambient temperature at 37 C.
1 H NMR and 13 C NMR were recorded on a Bruker AV-400 spectrometer with chemical shifts reported as ppm (in DMSO-d6, TMS as internal standard). Electrospray ionization (ESI) mass spectra were measured with an LC-MS 2010A (Shimadzu) instrument.
Syntheses
The compound acetyl benzimidazole was synthesized according to our previous literature, 39 and probe 1 was synthesized based on the literature. 40 Acetyl benzimidazole (1.60 g, 10 mmol) and 4-nitrobenzaldehyde (10 mmol) were dissolved in 30 mL of ethanol. Then, a 1 mL 40% aqueous sodium hydroxide solution was added dropwise to the reaction flask. The reaction solution was stirred at room temperature for 6 h. The mixture was adjusted to pH 5.0 with dilute hydrochloric acid until the reaction was complete. The reaction was monitored by TLC. Most commonly, a precipitate formed and was then collected by filtration. 
Results and Discussion
Absorption spectral and fluorescence spectral characteristics The UV-vis and fluorescence spectra of probe 1 under simulated physiological conditions (20 mM PBS, pH 7.4) in the absence and presence of H2S were measured (Fig. 1) . Probe 1 exhibited λmax for absorption and emission at 320 and 474 nm. (Fig. 1 ). There was a significant increase in the absorption and fluorescence spectrum upon addition of H2S. Interestingly, the absorption and fluorescence spectrum showed little blue shift in λmax from 320 to 308 nm (Fig. 1a) and from 474 to 461 nm (Fig. 1b) . This indicated that addition of H2S most likely eliminates the quenching effects of the conjugated acetyl benzimidazole and 4-nitrobenzene group. Consistently, a blue shift of emission indicated a break of conjugation of probe 1 on the addition of H2S. 34 
Mechanism of probe 1 in sensing H2S
To confirm the sensing mechanism of probe 1 towards H2S, the reaction of probe 1 with H2S was conducted under simulated physiological conditions (20 mM PBS, pH 7.4). The reaction products were subjected to electrospray ionization mass spectral analysis. The peak at m/z 327 [M+H] + corresponding to compound 2 was observed. Therefore, the result indicated that the reaction most likely undergoes the proposed mechanism as shown in Scheme 1.
Quantification of H2S
The influence of H2S concentration on probe 1 was further investigated. To evaluate the ability of probe 1 in the detection of H2S concentration, the probe was treated with different concentrations of H2S (0 -450 μM). The final concentration of the probe was maintained at 10 μM. For the purpose of accurate analysis, a linear relationship is always necessary. Herein, we obtained a calibration curve between fluorescence emission intensity and H2S concentration. As shown in Fig. 2 , the fluorescence signal was linearly related to the concentration of H2S in the given concentration range. The linear equation is F461 = 0.5788c (H2S, μM) + 81.117 (R 2 = 0.996). The above data indicated that probe 1 could detect H2S quantitatively. Obviously, probe 1 is a very promising indicator for the detection of H2S in the biological sciences because the sulfide concentration in blood is in the range of 10 -100 mM. 13 
Time courses of the probe and H2S system
The response time is an important factor of the fluorescence sensor especially in organisms with a rapid metabolism. To understand how the probe-H2S system changed with time, the fluorescence responses of this system were recorded over time (Fig. 3) . Additionally, during the experiments, interestingly, we found that the reaction rate between probe and H2S was severely affected by the reaction temperature. So we investigated the time course of the addition reaction under three different temperatures. The probe (10 μM) and 400 μM Na2S were equilibrated at different temperatures, and the fluorescence intensity was acquired in 20 mM PBS (pH 7.4) with emission at 461 nm. (Figs. 3a, 3b, and 3c) . These results indicated that the addition reaction at 37 C proceeded faster than the other two temperatures and the fluorescence intensity could reach saturation within 45 min. Thus, 37 C was chosen as the optimal reaction temperature.
Selectivity studies
Selectivity is a very important parameter to evaluate the performance of a probe. To investigate the selectivity, probe 1 (10 μM) was incubated with various anions (1000 μM) and bio-species (600 μM). It was thought that Cys and GSH, as structurally related thiol biomolecules, might pose a threat to the Fig. 2 The relationship between fluorescence intensity and Na2S concentration in buffer solution (20 mM PBS, pH 7.4). The concentration of the solution is 10 μM probe and Na2S, 0 -450 μM. The fluorescence intensity was acquired at 37 C after incubation of the probe with Na2S for 45 min. λex = 320 nm, λem = 461 nm. high selectivity of probe 1 toward H2S. The results showed that Cys and GSH exhibited inert reactivity to probe 1, which might be attributed to their greater steric hindrance effect than that of H2S (Fig. 4) . Thus, probe 1 could be used for the detection of H2S under simulated physiological conditions.
Analysis of synthetic samples
Synthetic samples containing some foreign substances were determined according to the above-mentioned procedure to evaluate the accuracy and application of this method for H2S determination. Some known concentrations of H2S were added to the synthetic samples and the quantification of H2S was carried out (Table 1 ). The results demonstrated that our proposed method is an excellent choice for the measurement of H2S.
Conclusions
In summary, in this study, we reported a highly selective and sensitive fluorescent probe 1 for H2S detection based on the one step nucleophilic addition reaction between H2S and electronpoor C=C double bond. Fluorescent probe 1 showed excellent selectivity for H2S over other analytes including Cys and GSH. The probe can be applied to the quantitative detection of H2S (0 -450 μM) in physiological conditions. The present results may provide a novel platform for designing and synthesizing highly selective fluorescent probes for H2S. Fig. 4 The fluorescence responses of probe 1 (10 μM) toward various analytes in buffer solution (20 mM PBS, pH 7.4). The fluorescence intensity was acquired at 37 C after incubation of the probe with various analytes for 45 min (λex = 320 nm).
